In the forests of northeastern North America, invasive insects and pathogens are 12 causing major declines in some tree species and a subsequent reorganization of associated forest 13 communities. Using observations and experiments to investigate the consequences of such 14 declines are hampered because trees are long-lived. Simulation models can provide a means to 15 forecast possible futures based on different scenarios of tree species decline, death, and removal. 16 Such modeling is particularly urgent for species such as eastern hemlock (Tsuga canadensis), a 17 foundation species in many northeast forest regions that is declining due to the hemlock woolly 18 adelgid (Adelges tsugae). Here, we used an individual-based forest simulator, SORTIE-ND, to 19 forecast changes in forest communities in central Massachusetts over the next 200 years under a 20 range of scenarios: a no-adelgid, status-quo scenario; partial resistance of hemlock to the adelgid; 21 adelgid irruption and total hemlock decline over 25 years, adelgid irruption and salvage logging 22 of hemlock trees; and two scenarios of preemptive logging of hemlock and hemlock/white pine. We applied the model to six study plots comprising a range of initial species mixtures, 24 abundances, and levels of hemlock dominance. Simulations indicated that eastern white pine, 25 and to a lesser extent black birch and American beech, would gain most in relative abundance 26 and basal area following hemlock decline. The relative dominance of these species depended on 27 initial conditions and the amount of hemlock mortality, and their combined effect on 28 neighborhood-scale community dynamics. Simulated outcomes were little different whether 29 hemlock died out gradually due to the adelgid or disappeared rapidly following logging.
INTRODUCTION
step, the direction of tree fall, decay rate of fallen dead trees, and proportion of fallen trees that 155 uproot and make tip-up mounds (Papaik et al. 2005) . Successful seedling establishment in each 156 grid cell was determined by species-specific affinity for a particular substrate and relative seed To evaluate SORTIE's performance, we used 10 years of field observations on four plots within 178 the Harvard Forest Hemlock Removal Experiment (HF-HeRE, see Ellison et al. 2010 and 2014 179 for details), located in the Simes Tract of the Harvard Forest Long Term Experimental Research 180 (LTER) site (42.5°N, 72.2°W; mean elevation 250-m.a.s.l.; Fig. 1B) . The HF-HeRE plots were 181 established in 2003 to study experimentally the effects of adelgid-related hemlock mortality and 182 preemptive salvage logging on forest structure and dynamics; post-treatment measurements of 183 tree seedlings, saplings, and trees were done in 2009 and 2014. Specifically, we used the 184 hemlock control plots numbers 3 and 6 (hereafter, "HeRE3-hemlock" and "HeRE6-hemlock") 185 and the two experimentally logged plots, plots 2 and 4 (hereafter, "HeRE2-logged" and "HeRE4- Model forecasting simulations 194 We simulated forest dynamics for 200 years under six scenarios aimed at answering our 195 main questions ( Table 2 ). The first scenario, using the core parameterization of SORTIE 196 described above, included only background levels of natural mortality of eastern hemlock. 197 Scenarios 2 to 6 involved a range of hemlock mortality situations, via either adelgid-induced 198 mortality (Scenarios 2 and 3), salvage logging (Scenario 4), preemptive logging of hemlock (Scenario 5), or logging of hemlock and merchantable pine (Scenario 6). These latter five 200 scenarios required additional model parameterization. 201 For initial inputs to the model under all six scenarios, and to encompass a range of initial 202 conditions typical of forests of this region, we used data from a total of six study plots (Fig. 1) .
In all simulations, we initialized the models using data for the ten tree species that 215 comprised > 95% of the total basal area of the plots (Table 3) . Initial model input data for all 216 plots comprised species identities, sizes (DBH) and x-y locations (tree maps) of field-measured 217 trees. For the HF-HeRE plots, all trees were measured and located for individuals > 5 cm DBH 218 and 1.3 m in height; saplings (DBH < 5 cm and height < 1.3 m) were counted but not located; at 219 the HF-ForestGEO plots, all trees and saplings with DBH > 1-cm and height > 1.3-m were 220 measured and located. For the HF-HeRE plots, we used means of ten years of seedling plot data 221 as initial inputs ( the NCI mortality function was adjusted with an additional parameter that changed the 232 probability of mortality as a function of time that the adelgid had been present. In our 233 simulations, we used two alternative parameter sets: one based on the scenario in which there 234 was partial resistance of eastern hemlock to the adelgid (Scenario 2) and one in which there was 235 no resistance of eastern hemlock, the adelgid spread rapidly, and all trees were killed by 236 simulated year 25 (Scenario 3). We also included functions to allow the formation of standing 237 dead trees ("snags") and their subsequent fall (Venderwel et al. 2006) . To mimic salvage logging 238 (Scenario 4), we simply eliminated hemlock snag formation from the model, which forced the 239 model to delete all hemlock individuals as they died. An episodic mortality behavior was used to 240 simulate preemptive logging (Scenarios 5 and 6). Trees were killed and removed as a function of 241 parameters that controlled the timing and spatial extent of each logging event, the range of 242 diameters within which mortality occurred, and the proportion of total basal area within the 243 specified diameter range that was removed. We affected complete logging of eastern hemlock 244 (Scenario 5) or eastern hemlock and merchantable white pine (Scenario 6) at simulation year 15.
Stochastic behavior in SORTIE-ND results from differences in initial conditions and 246 from using random draws from specified distributions for dispersal, growth, and mortality 247 parameters. We used field data from six plots as our initial conditions and did not vary these 248 among runs. However, comparisons of simulations initialized by different plots did allow us to 249 examine how variation in initial community structure could result in different outcomes. We did 250 use random draws from probability distributions for dispersal, growth, and mortality parameters.
251
For each plot × scenario combination, we ran 10 stochastic simulations. Figure 6 ). In the two hardwood-dominant plots, hemlock would also increase in prevalence as a 285 canopy species, mainly replacing oak as it matures and dies over time ( Fig. 5 ), increasing the 286 overall basal area of these plots by year 200 (Fig. 6 ).
287
Under a scenario of partial hemlock resistance to adelgid impacts (Scenario 2), SORTIE 288 simulated a variety of impacts on species composition and structure that depended largely on the 289 initial composition of the plot. In the hemlock-dominant plots, American beech and black birch 290 recruited as saplings to high densities into the gaps created by dying hemlock trees ( Fig. 7) , while hemlock concomitantly retained its overall dominance and eventually began to recover 292 over time. The effect of this is that by year 200, there was an overall dampening of the size 293 structure of these plots and a reduction of up to one-half the original total basal area ( Fig. 6 ). By 294 contrast, in the two hardwood-dominated plots, existing adult white pine and yellow birch also 295 took advantage of these gaps, increasing their dominance in the canopy over time, resulting in 296 only minor changes in the size structure of these plots relative to starting profiles (Figs. 7 and 6). Under a scenario of both hemlock and merchantable pine logging by year 25 (Scenario 313 6), differences in simulated community trajectories among the six plots depended on which species took most advantage of the increased light created by tree removal, and whether or not 315 white pine was able to recover and gain dominance over time ( Fig. 11 ). Across the full FG plot 316 and within the FG-Hardwood subplot, American beech and yellow birch increased considerably 317 in abundance in the sapling and adult tiers, respectively, preventing white pine from recovering 318 in these plots. In the two HeRE hemlock plots (3 and 6), black birch became the most abundant 319 species, although the white pine individuals remaining after logging were able to grow and 320 become dominant in terms of basal area by the end of the simulation.
322
Forecasts -changes in diameter growth rates upon canopy removal 323 We examined projected species' growth rates before (year 10) and shortly after (year 17) 324 preemptive hemlock logging in Scenario 5 simulations to determine how the different species 325 would respond to major increases in light and space after disturbance. These results indicated 326 that all species would experience an increase in diameter growth upon the creation of canopy 327 openings, at all growth stages ( Fig. 12 ). However, growth rates, and the relative increases in 328 growth after hemlock removal, differed significantly by species and study plot. White pine and 329 red oak had the highest adult and sapling growth rates at the two times and across all plots; black 330 birch also showed noticeable increases in year-17 growth rates in the two HRE-hemlock plots. hardwood-dominated plots, white pine will increase as the oak and red maple components of 363 these stands mature and decline naturally over time. 364 Simulations also suggest that black birch would be competitive with white pine in 365 hemlock gaps, but that its eventual relative abundance depends on some threshold of initial 366 abundance and adequate seed production, as well as enough hemlock removed to provide ample 367 light conditions for this relatively light-demanding species. This was particularly evident in the 368 HeRE3 and HeRE6 hemlock plots, where black birch seedlings had relatively higher growth 369 rates after hemlock harvesting than white pine (e.g., Fig. 12 ), but where slight differences in 370 initial relative abundances and canopy gap sizes in these plots likely mediated the ability for 371 black birch to take advantage of these better growth rates. In other locations in northeastern 372 forests, where hemlock trees have died naturally due to adelgid impacts (Orwig and Foster 1998, and define a new future reality for some stands in our study areas over the longer term.
394
On the whole, our results indicate that community trajectories and future forest structure 395 will be qualitatively similar whether hemlock dies slowly from the adelgid, or is removed rapidly persists but prevents other species from increasing in basal area compared to starting conditions.
404
A number of management options for hemlock forests undergoing decline, and the 405 potential future implications of these options, have been explored previously (Brooks 2004 , Orwig and Kittredge 2005 , Foster and Orwig 2006 , Fajvan 2008 . These management options Pacala, S.W., Canham, C.D., Saponara, J., Silander Jr., J.A., Kobe, R.K., and Ribbens, E. 1996. 589 Forest models defined by field measurements: II. Estimation, error analysis and dynamics. 
